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INTRODUCTION
Photogrammetry is a technique for building threedimensional models of an object based upon photographs. It is growing in popularity in anthropology and related fields as it can produce high-quality and reliable virtual renderings of an object (Olson et al., 2013; Katz & Friess, 2014; Evin et al., 2016) . It is also cost-effective compared to some popular commercial surface scanners (Porter et al., 2016) and portable, which is convenient when researchers do not have access to other equipment.
Broadly, the photogrammetric process can be divided in two steps: image acquisition and image processing to obtain 3D models using software (the most popular software is Agisoft Photoscan, although there are open-source options available as well, such as VisualSFM and Multiview Environment [MVE] ). Regarding the first point, photogrammetry requires a very specific kind of image, which has a tremendous impact on the 3D output. It is sometimes easier and more efficient to repeat the photo session than to try to build 3D models with poor-quality pictures. Specifications for image acquisition vary greatly depending on the preferences of the researcher, the conditions in which the object is set; for example if there is no electricity in the location where the object has been accessed, as in Porter et al., or if the object is static, as in Mitchell & Chadwick (2008) or Mallison & Wings (2014) , and the characteristics of the object to be modeled (such as whether it is refractive or translucent (Nicolae et al., 2014; Porter et al.) .
Our objects were relatively small, opaque, movable, and were rotated on a turntable inside a photocube to obtain the photos instead of being photographed using the walkaround method (Fig. 1 ). There are a handful of recommendations in articles and webpages for photo capture regarding the types of objects to be photographed, although there is still a lack of comprehensive guidelines with examples to help beginners acquire photos that guarantee the scientific quality of the 3D models. This is important considering that most researchers are not experts in photography or photogrammetry.
We used photogrammetry ( Fig. 1) to create 3D models from hand bones of African apes. Hands in the family Hominidae are composed of 27 bones that range from 1 to 10 centimeters long and have variable shapes, from small and complex to long and simple. Hundreds of bones (N=780) were photographed in order to obtain 3D models, and several problems regarding image characteristics were addressed. In cases where no model or a poor-quality model was obtained from the photos, the photo sessions were redone, which allowed us to identify repetitive mistakes that resulted in higher quality models once solved. Considering the number of models, the equipment (Fig. 2 , Table I ) and photography instructions described below speed up the photo capture and the construction of the 3D model in the AgiSoft PhotoScan Professional Software (version 1.2.6). We placed the phototube on a table, near an electrical outlet. The camera was connected to the remote control and mounted in a tripod (Fig. 1) . The tripod and the remote control help prevent blurry images, and the remote control can be more comfortable for the operator when a large number of photos are taken.
The photocube controlled the amount and evenness of the light on the object due to its reflective interior and the diffuse canvas; this is particularly important for complexly-shaped objects and when the photo capture is carried out in a poorly-lit place. One of the walls of the photocube (Table I) had small LED lights (the light source, which could be covered with a diffuser); three were reflective, and the remaining two were covered with a canvas. Because the canvas comprised the background in the final photo, we chose a color that contrasted with the bones (which was white in most cases).
The turntable was the same color as the background and was placed in the center of the cube. Marks were placed at 20-degree intervals on the side of the turntable, shown in Figure 2 .
The bones were fixed to the turntable using a mastic the same color as the background and checked to ensure they remained fixed during rotation. Finally, we placed the scale next to the object. Camera settings. Photos were taken with a Canon EOS 1200D camera mounted on a tripod. The lens was an EFS 18-55 mm macro 0.25/0.8ft and image size was 18 Mp. All the parameters were set to obtain the best quality photos and avoid different adverse situations which could have affected the 3D output. High focal length was used (50-55 mm) to increase magnification of the object relative to the whole picture. Though borders can be affected by optic distortion when using high focal length, the details at the center of the image are sharper. We used a high Depth of Field (DoF) (f/29) to avoid blurriness. Similarly, the ISO was reduced to a minimum level of 100 to avoid grainy images. The shutter speed was not fixed, and varied depending on the object. Photos were captured within a distance of 25 ± 10 cm .
Images were saved in JPG format, which does not affect the quality of the final model (Mallison & Wings) and occupies less disk space than uncompressed formats such as RAW.
The photographic steps 1. A photo of each bone's label was taken to facilitate identification of the final pool of photographs. 2. The object was placed in the center of the turntable and the scale next to it. 3. The turntable was placed with the zero-degree mark facing the camera. 4. The camera was positioned at an approximately 45-degree angle relative to the object (see Fig. 8h ) so that the surface of the bone facing upwards could be captured in the photos. The angle should be such that there is no need to raise or lower the tripod to accommodate the different portions of the object being captured. 5. A photo was taken and checked to ensure it was correctly taken (see below). 6. The turntable was rotated every 20 degrees, until the zero-degree mark faced the camera again, resulting in 18 photos. 7. The bones were flipped 180 degrees so that the surface that had been facing the turntable was facing the upwards. 8. The scale was removed. 9. Pictures were taken every 20 degrees, until the zero-degree mark was facing the camera again. In total, 36 photos were taken of the bones.
Photographic tips
Amount of light: Too little or too much light can make the object look featureless (Figs. 3a, c) , which can result in erroneous image alignment or even prevent alignment altogether ( Fig. 3e , in Fig. 3 . Showing a dark (a) and over-exposed photo (c), while images b and d show adequately lit bones. Image e shows a dense cloud constructed incorrectly with overexposed photos; in most of these images (in which camera positions are represented by blue rectangles) there is not enough information to facilitate alignment and they cannot be used by the software to build the point cloud. In contrast, image f shows a dense cloud constructed with all the photos. contrast to Fig. 3f ). Photogrammetry works by aligning common points photographed from at least two positions, so these reference points must be recognizable. Exposure time should be increased or decreased so the smallest surface details are visible (Figs. 3b,d ).
Light distribution: Uneven lighting on the object can produce strong shadows on some parts of the bone (Figs. 4a,c,e ). This is a problem when using a turntable; while rotating the object the shadows move as well, and complicate the alignment of photos in the software (e.g., Fig.  3e ), as explained in the first point. We used a photocube (Fig. 2 , Table I ) to ensure the bones were evenly lit and note that a white background produced better results than a black one.
Object relative to the background:
The object should be easily distinguishable from the background and the background should be featureless and homogeneous (unlike Fig. 5a ). A color that contrasts with the object should be chosen (not as in Figure 5b , but as in Figures 5c and 5d ). In our case, we used the canvases available in the photocube and white proved better than black, as it reflects light better and because some bones were labeled in back (Figs. 5a,b) . The background were then removed along with the background in the masking step.
Mastic should be invisible in the photos (Fig. 6b ) or it will complicate alignment (Figs. 6a,e) and it will take more time to clean the model in the software. The mastic is used to fix the bone to the turntable. If the object remains still on its own, as the mandible shown in Figure 9b, it is not necessary to use mastic to affix it to the turntable. When using the "moving around the object method" and using a single chunk in the software, as here, the background should be removed prior to the alignment of photos, which can be done by automatically masking the background in the Agisoft Photoscan Software, as shown in Figures 6c and 6d . This process takes around 2 minutes and allows the software to ignore the background in the subsequent steps. Other methods use the background to help with the alignment process and so it is not removed prior to alignment, but note that in this case two chunks must be used instead of a single one (see below). Frame the object so it occupies most of the photo. This will ensure the background occupies as little space in the picture as possible. In Figure 7b the metacarpal is position vertically relative to the screen, but the camera can also be turned 90 degrees so that the long axis of the bone matches the long axis of the screen (Fig. 7d ). This is preferable to flipping the bone, because then a larger part of the bone will not be visible in the photos (Fig. 7c) . Note that the difference between Figures 7c and 7d is that in c the long axis of the bone is facing the turntable while in 7d it is not.
Camera lenses can be configured at a specific distance from the camera to control the magnification of the object and how much of the environment is going to be captured. Here we used a relatively long focal length (55 mm) so the object looks big relative to the whole picture. This work well with phalanges and metacarpals, but note that small bones, such as some carpals (trapezoid, triquetral, and lunate, 1.5 to 3.5 cm), occupy a smaller area relative to the whole image regardless.
Focus:
The focus of the object should be as sharp as possible (Fig. 8b) .
Use a tripod and a remote control (Table I) or the exposure-delay mode of the camera to prevent blurry images (Fig. 8a) .
A high depth of field (f/29) was used to ensure that as much of the object got into proper focus.
In order for the object to remain in focus throughout the photo session, it must be facing the center of the camera screen ( Fig. 8d ) and be in the center of the turntable (Fig. 8f) . Otherwise it will be out of focus during part or all of the photo session.
Avoid sharp angles of the object relative to the camera, as in Figure 8g . Otherwise the inferior part of the bone will remain out of focus. In this case the tripod should be lowered.
Check the position of the object relative to the vertical axis of the screen. Put the longer axis of the object as straight and close to the vertical axis of the screen as possible (Fig. 8f) . The metacarpal in Figure  8i is inclined and the base of the bone (which is facing upwards) remains out of focus when rotating the turntable.
Scale: Place the scale near the object as in Figure 9a and take it out in step 8 (Section The photographic steps). This way half of the photos are taken with the scale and the other half without it. As such, all pictures can be put in the Agisoft Photoscan software in a single Fig. 6 . The effect of the visible (a) and hidden mastic (b) in the alignment of the photos when using a single chunk in the software. If it is visible, mastic may not be masked (c) and instead might be used by the software for alignment rather than the bone, resulting in a wrong dense cloud as shown in image e. In contrast, if the mastic is not visible, the masking step is more efficient (d) and so is the alignment of photos. Fig. 7 . Size of the bone relative to the whole picture. The camera is far from the object in image a, making it look small, while in image c most of the bone is facing the turntable. Images b and d are correctly framed bones. In d the camera is turned in 90 degrees. used to help align the photos (Fig. 9b) . Another option is not to use scale at all (Fig. 9c ) and scale the model by using a known length of the bone (as in Fig. 10 ).
Number of photos:
Every area of the bones must be visible in at least two photos (Fig. 10 ) so the software can identify reference points. A high percentage of overlap (70-80 %) is needed in all photos. Take more photos than are strictly necessary. Here 30 photos were generally enough to build most of the models, but because some bones have more homogeneous textures or some photos were taken incorrectly, 36 photosand in some cases more-were taken to ensure a successful 3D model. When deciding on the number of photos to take, it should be taken into account that that the number of photos affects the time required by the software to build the 3D models, as the more photos there are the slower the model is built.
RESULTS AND DISCUSSION
The Table II shows parameters describing the quality of some of the 3D models constructed here. They were obtained from the photographs captured following the recommendations described below. Four bones were chosen for this purpose; a small, simple one (trapezoid of chimpanzees), a medium-sized complex one (scaphoid), a medium-sized simple one (third proximal phalanx), and a long relatively complex one (third metacarpal). The mean maximum lengths of the bones were also calculated to indicate their size.
Initially, a large number of errors (poorly constructed models or failure to build models at all) occurred. The repetition of photo session this time fixing the aspects described in this paper greatly improve model quality, the probability of success (in here, in 6 of the 780 cases failed to construct a 3D model after the second attempt) and the time needed to build the model in the software. Figures 11 and 12 show two 3D models, one from a carpal bone (gorilla), and the other from a fourth metacarpal (chimpanzee). These 3D models are avaliable upon request.
It should be noted that after this second attempt the 3D model included holes in a few cases. We believe this is due to the very smooth texture of some bones, especially in the joint areas. The guidelines described here did not fix this problem. Previous studies have tested dusting featureless surfaces of chunk, which speeds up the process of 3D model creation. If the scale is in every photo (Fig. 9b) , two chunks will be needed, which will add a step in the model creation process (alignment of the chunks). If only one chunk is used the software may align the photos by the scale and not by the bone, which occurred with the mastic in Figure 6e . A scale such as the one used by Porter et al. can also be archaeological material with powder (Porter et al.) or using textured light pattern projections (Galantucci et al., 2008; Koutsoudis et al., 2015; Santosˇi et al., 2019) to increase alignment and dense reconstruction quality, but this was not tested here. Fig. 9 . Scale in the photo session. Image a represents the same photo session in which the scale was placed (left), and then removed once the bone was flipped (right) (one chunk method). Image b shows a photogrammetric scale that helps with the alignment and scale of the models (two chunk method), similar to the one that can be accessed in Porter et al. Image c shows a photo session in which no scale was used (one chunk method). 
CONCLUSIONS
Here were describe simple, effective criteria to facilitate taking good photos in close-range photogrammetry using relatively small, opaque objects such as the hand bones of African apes. We think these recommendations are also appropriate for a variety of objects that might fit in a photocube (except objects with difficult optical properties, such as brightness or transparency). With few exceptions, 3D models constructed following these guidelines are high quality and appropriate for scientific purposes. 
RESUMEN:
La fotogrametría está siendo cada vez más popular en la investigación y enseñanza morfológica. Esto debido a su portabilidad, confiabilidad de los modelos 3D y buena relación calidadprecio. Comparada con los escáneres de superficie, sin embargo, el proceso de aprendizaje de la fotogrametría puede llevar mucho tiempo. Aquí se describen errores comunes en la toma de fotos para fotogrametería que afectan de manera importante la creación de los modelos 3D, así como consejos para superarlos. Los problemas descritos fueron identificados luego de la construcción de 780 modelos 3D de huesos de la mano de chimpancés y gorillas depositados en distintas colecciones de museos. Las manos de estas especies están compuestas por 27 huesos que varían en tamaño y complejidad. En este artículo mostramos como la luz, la posición y orientación del objeto, el ángulo de la cámara y el fondo de la imagen afectan el resultado en 3D. Consi-Bone derando estos factores, personas que están aprendiendo esta técnica pueden reducir de manera importante el tiempo y la probabilidad de error, y mejorar considerablemente la calidad de los modelos 3D.
PALABRAS CLAVE: Fotogrametría de corto alcance; Prueba de concepto; Primates; Manos. Table II . Parameters describing the quality of the 3D models of four hand bones obtained with the method described in the text. Triangles are of uniform size.
